We hypothesized that variant geometric patterns of the common carotid artery (CCA) predict the incidence of cardiovascular disease (CVD), after accounting for CCA intimamedial thickness (IMT). BACKGROUND Common carotid artery intima-media thickness has been associated with the incidence of cardiovascular disease.
The blood vessel wall is an active organ continuously undergoing remodeling (1) . The result is a geometric pattern that cannot be described by only a unidimensional variable, such as arterial wall thickness or diameter, but can be characterized by combining a measure of vascular mass with the wall-to-lumen ratio (W/L) similar to small-artery and arteriolar morphologic changes previously distinguished in hypertension as "remodeling" or "hypertrophy" (2-4) and whose differential functional correlates have been described (5, 6) . Although this concept of small-vessel geometric remodeling may have substantial pathophysiologic and therapeutic relevance (1) , the geometric patterns of large arteries have not been examined as risk factors for cardiovascular disease (CVD).
Traditional risk factors of coronary and cerebrovascular disease (CeVD) cause alterations in vascular structure and function (7) (8) (9) that increase the likelihood of a subsequent clinical event.
We recently observed that specific vascular geometric patterns of the common carotid artery (CCA) were associated with characteristic profiles of vascular functional measurements such as distensibility, circumferential stress, and strain in a cross-sectional population-based survey in 1,315 normotensive and untreated hypertensive Taiwanese men and women (10) . Although these functional profiles differed quantitatively in normotensive compared with hypertensive subjects and in younger compared with older subjects, the characteristic functional profile of a given carotid geometric pattern (CGP) was preserved regardless of age or blood pressure (BP) status. We hypothesized that the geometric rearrangement of large arteries may play a role in the genesis of cardiovascular events, and may add predictive information to traditional cardiovascular risk factors and subclinical vascular disease defined by unidimensional vascular measures such as intimal-medial thickness (IMT) or lumen diameter (7,9,11).
METHODS
Subjects and study design. The study subjects were participants in the Cardiovascular Health Study (CHS), a prospective multicenter study of men and women 65 years of age or older sponsored by the National Heart, Lung, and Blood Institute (12) . A detailed description of the recruitment methods has been published elsewhere (13) . Of the members of the original cohort, 94% were white and most of the rest were black. A second cohort of 687 black participants was enrolled between June 1992 and June 1993, three years after the enrollment of the original CHS cohort.
The baseline examination for both cohorts included a medical history, physical examination, laboratory testing, and assessment of CVD status. The study design, qualitycontrol procedures, laboratory methods, and BP measurement have been previously reported (12, 14, 15) . The algorithms for classifying new myocardial infarctions and strokes have also been published (16, 17) .
The carotid arteries were evaluated with high-resolution B-mode ultrasonography (15) . One longitudinal image of the CCA was acquired. Measurements were made at a central reading center by readers blind to all clinical information. The same readers were used for all readings. The maximal IMT of the CCA was defined as the mean of the maximal IMTof the far wall on both the left and right sides. The CCA diameter measurements were made in the portion of the CCA where the wall interfaces are parallel. The CCA diameter was the mean of the minimal distance between the near-wall intima-lumen interface to the farwall lumen-intima interface of the right and left CCAs.
As in prior studies of heart (18, 19) and small artery (2-4) geometry, vascular mass (VM) was combined with the W/L to identify different structural CGPs. Normal values for W/L (W/L ϭ 2 · carotid IMT/carotid diameter) and VM (VM ϭ IMT 2 ; where is the arterial wall density, i.e., 1.06 g/cm 3 ) (20) were defined as those within the ageadjusted and gender-specific 75th percentile of the 1,899 normotensive subjects (BP Ͻ140/90 mm Hg) without prevalent CVD. Four common CGP were defined: CGP1 ϭ normal, with normal W/L ratio and VM; CGP2 ϭ arterial remodeling, with increased W/L ratio with normal VM; CGP3 ϭ arterial hypertrophy, with increased W/L ratio and increased VM; and CGP4 ϭ arterial hypertrophy with dilation, with normal W/L ratio and increased VM. Statistical analysis. Prevalent CVD at first visit was defined as history of myocardial infarction, angina, coronary artery bypass surgery, coronary artery angioplasty, congestive heart failure, stroke, transient ischemic attack, or carotid endarterectomy confirmed by review of medical records. Incident CVD was defined as coronary heart disease (CHD), including angina pectoris, myocardial infarction, angioplasty, or aortocoronary bypass surgery; congestive heart failure; and CeVD, including stroke or transient ischemic attack; as confirmed by review of medical records. New definite CHD and CeVD (combined cardiovascular end points) were considered the end points for the present analyses. Participants with a history of claudication were excluded from analysis and those with incident claudication were censored at the time of the claudication event.
Subclinical disease for this analysis was defined as carotid stenosis Ն75% and ankle-arm index Ͻ0.9. Hypertension was defined as BP Ն140/90 mm Hg or a reported history of high BP in combination with use of antihypertensive medications. Diabetes was defined by the American Diabetes Association criteria: glucose intolerance was defined by fasting glucose Ͼ110 mg/dl and diabetes was defined by fasting glucose Ͼ126 mg/dl or use of insulin or oral hypoglycemics.
All analyses were performed with SPSS statistical software (SPSS Inc., Chicago, Illinois). Mean values of demographics and CVD risk factors were calculated across CGPs by means of one-way analysis of variance. Significance of pair-wise comparisons was adjusted for multiple comparisons using a Bonferroni correction. Categorical variables were compared by a chi-square test. We evaluated the associations of incident and recurrent CVD and the CGP groups using Cox proportional-hazards regression models, adjusting for traditional risk factors, CCA IMT and diameter, and subclinical disease. Atrial fibrillation and creatinine levels were also introduced into the multivariable models, given that previous analyses in the CHS population showed these to be risk factors for CHD or CeVD (21, 22) . Prediction of subsequent cardiovascular events was analyzed separately in subjects without prevalent CVD (incident events) and in subjects with prevalent CVD at baseline (recurrent events). Participants were censored at the time of incident claudication, death, or loss to follow-up. Unadjusted Cox proportional-hazards regression was used to plot curves for incident CVD or CeVD and compare survival rates among the CGP groups.
RESULTS
The population sample consisted of 4,291 (76%) subjects without prevalent CVD at baseline and 1,349 (24%) subjects with prevalent CVD. The baseline characteristics of
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ϭ blood pressure CCA ϭ common carotid artery CeVD ϭ cerebrovascular disease CGP ϭ carotid geometric pattern CHD ϭ coronary heart disease CHS ϭ Cardiovascular Health Study CI ϭ confidence interval CVD ϭ cardiovascular disease HR ϭ hazard ratio IMTϭ intima-media thickness SD ϭ standard deviation VM ϭ vascular mass W/L ϭ wall-to-lumen ratio the 5,640 study participants are given in Table 1 . The median follow-up was 10.2 years (maximum was 11.1 years). A total of 1,878 (33.3%) participants had coronary events and 835 (14.8%) participants had cerebrovascular events during follow-up. Of the subjects without prevalent CVD Table 2 . Subjects with prevalent CVD had a higher frequency of variant CGPs compared with those without prevalent CVD (44.6% vs. 37.5%, respectively, p Ͻ 0.001). Prevalent CVD was associated with a lower prevalence of normal (CGP1) and concentric remodeling (CGP2) and with a higher prevalence of hypertrophy (CGP3) and hypertrophy with dilation (CGP4) compared with subjects without prevalent CVD (Table 3 ).
The demographic and risk factor profiles of each CGP are summarized in Table 4 . Mean carotid IMT was higher for each variant CGP compared with CGP1, with a progressive increase in IMT values from arterial concentric remodeling (CGP2) to arterial hypertrophy with dilation (CGP4) to arterial hypertrophy (CGP3). Although carotid IMT was increased in subjects with concentric remodeling (CGP2) compared with CGP1, blood pressure values, glucose, and cholesterol levels were similar in both these patterns, and hypertension prevalence in concentric remodeling (CGP2) was lower than in CGP1. New CVD by CGP. As shown in Figure 1 , in subjects without prevalent CVD, the rate of new combined cardiovascular events was not significantly different in CGP1 and concentric remodelling (CGP2), but was higher in arterial hypertrophy (CGP3) and arterial hypertrophy with dilation (CGP4) than in normal geometry (CGP1) or concentric remodeling (CGP2). In subjects with prevalent CVD, the rate of new combined cardiovascular end points was much Entries are mean (SD) or N (%). Total: N ϭ 5,640. BMI ϭ body mass index; CeVD ϭ cerebrovascular disease; CGP ϭ carotid geometric pattern; CHD ϭ coronary heart disease; CVD ϭ cardiovascular disease; DBP ϭ diastolic blood pressure; ECG ϭ electrocardiogram; HDL ϭ high-density lipoprotein; IFG ϭ impaired fasting glucose; IMT ϭ intima-media thickness; MI ϭ myocardial infarction; PP ϭ pulse pressure; SBP ϭ systolic blood pressure. Unadjusted Cox proportional hazard-regression in subjects without prevalent CVD confirmed a similar rate of events for CGP2 and CGP1 and a higher rate of events for CGP3 and CGP4. Event rates started to diverge from CGP1 after approximately one year (Fig. 2) . In subjects with prevalent CVD, unadjusted Cox proportional hazardsregression showed a much lower rate of recurrent events for concentric remodeling (CGP2) and a slightly higher rate of recurrent events for arterial hypertrophy (CGP3) and arterial hypertrophy with dilation (CGP4). Rates started to diverge very early for concentric remodeling (CGP2) and divergence increased with time (Fig. 2) . Multivariable Cox proportional hazard models in only those subjects without prevalent CVD showed that whereas CGP2 did not differ from CGP1, the variant "hypertrophic" carotid geometric patterns (CGP3 and CGP4) persisted as independent predictors of new combined cardiovascular events, after taking into account traditional risk factors, carotid IMT and diameter, and subclinical disease (Table  5) . Specifically, hypertrophy (CGP3) was associated with a 25% (hazard ratio [HR] ϭ 1.25, 95% confidence interval [CI] ϭ 1.03 to 1.53) higher risk of new CVD, and hypertrophy with dilation (CGP4) with a 43% (HR ϭ 1.43, 95% CI ϭ 1.16 to 1.75) higher risk (Table 5) .
In multivariable Cox proportional hazard analyses limited to subjects with prevalent CVD, the CGP groups were not associated with increased risk of recurrent events after adjustment for traditional risk factors, carotid IMT, and subclinical disease (Table 5) . Secondary analyses for more specific end points showed that when angina pectoris was deleted from the definition of CHD the results were similar to those presented in Table 5 . The CGP3 and CGP4 were associated with incident myocardial infarction and a combined outcome of either myocardial infarction or congestive heart failure.
When CGP was removed from the model for those free of CVD at baseline, and IMT, lumen diameter, and the product (interaction) of the IMT and diameter were included, the interaction term was significant (p Ͻ 0.03). The HR of incident CVD associated with a 1 standard deviation (SD) increment in IMT (0.26 mm) at the mean value of lumen diameter was 1.16 (95% CI 1.10 to 1.23), and the HR of a 1 SD increment in lumen diameter (0.98 mm) at the mean value of IMT was 1.15 (95% CI 1.08 to 1.24).
The coefficient of the interaction term was negative, suggesting an increased risk of CVD associated with a 1 SD increase in IMT when the diameter is below the mean and vice versa. When both are above their means, the negative interaction results in a somewhat less than additive effect of wall thickness and lumen diameter on the HR.
When CGP and lumen diameter were removed from the model for those free of CVD, IMT was significantly associated with the risk of CVD (HR ϭ 1.18, 95% CI ϭ 1.12 to 1.25, p Ͻ 0.001 per IMT SD ϭ 0.26). Adjusting only for age and gender and using outcomes and exclusions similar to a prior CHS report (with less follow-up and outcomes restricted to myocardial infarction or stroke) by O'Leary et al. (11) , the HR associated with a 1 SD increment in maximum carotid IMT was 1.32 (95% CI 1. 
DISCUSSION
Previous CHS analyses reported a positive association between IMT, a single parameter of carotid structure, and the incidence of new CHD or CeVD in subjects 65 years of age and older who did not have clinical manifestations of CVD (11) . In the present study, we have shown that specific carotid structural geometric patterns are associated with the development of new cardiovascular events, independently of age, gender, traditional risk factors, and carotid IMT. The present observation linking large vessel geometry to the risk of CVD, thus adding an additional perspective regarding the impact of IMT as an independent risk factor for CVD. That the association of specific variant CGPs with subsequent cardiovascular events differed in subjects by presence of clinical cardiovascular disease at baseline is noteworthy. The CGP2 did not differ from CGP1 in its association with future events and showed a trend towards lower risk of subsequent cardiovascular events in subjects with prevalent CVD. In contrast, the "hypertrophic patterns," such as CGP3 and CGP4, were associated with increased risk of incident cardiovascular events in subjects without prevalent CVD.
The nonsignificant association of IMT with CVD in the multivariable models reported in the present study does not contradict previous results in the same CHS population (11) , because CGP3 and CGP4 represent participants in the upper quartile of the IMT distribution. That both CGP3 and CGP4 are significantly related to outcome supports the association of IMT with a more broadly defined CVD outcome. When CGP and carotid diameter were removed from the model for those free of CVD, the association of carotid IMT with risk of myocardial infarction and stroke was almost identical to that of O'Leary et al. (11), despite the longer follow-up period of the present analysis. In addition, modeling of both IMT and lumen diameter showed that both are predictive of incident CVD, extending the results of the previous paper.
Our findings can also raise the issue of whether the CGP classification provides additional information on the relationship between carotid IMT and diameter. Because IMT is used to calculate both vascular mass and W/L, interpretation of mathematical combinations of these terms is difficult. Qualitative CGPs may offer a significant advantage in this regard. CGP3 and CGP4 capture participants in the upper quartile of IMT; CGP3 includes subjects with high IMT and normal or narrowed vessels and CGP4 subjects with high IMT and larger lumens. It is thus not surprising that when the CGP groups are modeled, IMT is no longer significant. Diameter remains significant because its effect is never directly modeled in the numerator of any of the defined CGPs.
It is difficult to speculate about potential mechanisms by which specific CGPs may be associated with cardiovascular events. The altered risk of CVD associated with variant CGPs may relate, in part, to differences in functional characteristics of CGPs that have previously been defined, that is, to specific functional characteristics impacted by the interplay of IMT and diameter (10) . Although all deviant CGPs presented a thicker IMT and higher circumferential wall stress than normals (CGP1), concentric remodeling (CGP2) was characterized by similar central and brachial BP levels, pulse wave velocity and augmentation index, and higher (protective) shear stress compared with CGP1. Conversely, beyond their specific profiles, both hypertrophy (CGP3) and hypertrophy with dilation (CGP4) were char- CI ϭ confidence interval; HR ϭ heart rate. Other abbreviations as in Table 1 .
